Only a small number of cells in adult tissues (the stem cells) possess the ability to self-renew at every cell division, while producing differentiating daughter cells to maintain tissue homeostasis for an organism's lifetime. The Drosophila ovary harbors three different types of stem cell populations (germline stem cell (GSC), somatic stem cell (SSC) and escort stem cell (ESC)) located in a simple anatomical structure known as germarium, rendering it one of the best model systems for studying stem cell biology due to reliable stem cell identification and available sophisticated genetic tools for manipulating gene functions. Particularly, the niche for the GSC is among the first and best studied ones, and studies on the GSC and its niche have made many unique contributions to a better understanding of relationships between stem cells and their niche. So far, both the GSC and the SSC have been shown to be regulated by extrinsic factors originating from their niche and intrinsic factors functioning within. Multiple signaling pathways are required for controlling GSC and SSC self-renewal and differentiation, which provide unique opportunities to investigate how multiple signals from the niche are interpreted in the stem cell. Since the Drosophila ovary contains three types of stem cells, it also provides outstanding opportunities to study how multiple stem cells in a given tissue work collaboratively to contribute to tissue function and maintenance. This review highlights recent major advances in studying Drosophila ovarian stem cells and also discusses future directions and challenges.
Introduction
In adult animals, almost every tissue type needs stem cells that are responsible for generating new cells to replace lost cells due to natural cell turnover or injury. Without these stem cells or even with reduced stem cell activities a given tissue would not be able to maintain itself for a long period of time and eventually degenerate due to limited lifespan of differentiated adult cells. Although the proliferative capacity of the stem cells varies widely based on their tissue origin [1] , all of them share the ability to regenerate themselves (self-renew) and also to produce functionally differentiated cells for most, if not all, of the organism's lifetime. In contrast with pluripotent embryonic stem (ES) cells that have the capacity to generate all the cell types in adults, adult stem cells have more restricted lineage potentials. The long-term regenerative potential makes stem cells ideal reagents for treating degenerative diseases such as Parkinson's disease, Alzheimer's disease, diabetes and glaucoma. One of the most exciting discoveries in the field of cancer research is to reveal the existence of cancer stem cells and the potential connection between cancer formation and adult stem cells [2] . Like normal adult stem cells, cancer stem cells can also self-renew but, unlike normal stem cells, they cannot differentiate normally to generate differentiated and functional cells that have the ability to integrate into tissues but instead generate abnormally differentiated cells that drive tumor formation and growth. Therefore, the molecular mechanisms governing normal stem cell self-renewal and differentiation are of great importance for using stem cells in future regenerative medicine, understanding tissue aging and degeneration, and finding new strategies for treatments of cancer. However, Cell Research | www.cell-research.com Drosophila ovary: an active stem cell community 16 npg such mechanisms have just begun to be revealed and remain largely unknown.
One of the major obstacles in stem cell research is to accurately identify stem cells in their native tissue environments due to their rarity and lack of unique molecular markers. In order to clarify the function of a given gene specifically in the stem cell, it is necessary to distinguish stem cells from their progenitors or surrounding cells. Despite the difficulties in identifying stem cells in mammalian tissue, stem cells from several tissues in mice such as skin, blood and intestine have been identified by BrdU labeling [3] [4] [5] . Although their regulation has been studied using conditional knockout mice, the process is relatively slow and expensive. In contrast, the Drosophila ovary offers several unique advantages for studying molecular and genetic networks controlling stem cell regulation. First, a small number of easily identified stem cells are located in a simple tubular structure, also known as the germarium, in which stem cells and their surrounding cells are well defined and easily distinguished from one another, facilitating qualitative and quantitative analyses [6] [7] [8] . Second, sophisticated but yet elegant genetic and molecular tools make manipulation of gene function in stem cells and their niche easy and precise [7] . Third, more than 50% of the Drosophila genes have mutations, and microarray and proteomic reagents are available due to the finished Drosophila genome, which dramatically enhance our ability to discover genes that encode intrinsic factors and niche signals important for controlling self-renewal, proliferation and differentiation of stem cells. Finally, comparative studies on the stem cells in the Drosophila ovary and in the testis help find general stem cell regulatory mechanisms because the Drosophila testis also contains easily identified stem cells and niche cells [9] . Therefore, the Drosophila ovary represents one of the best systems for studying basic stem cell biology.
The Drosophila ovary offers unique opportunities for studying three types of stem cells and niches
The female Drosophila has the remarkable ability to generate a large number of eggs throughout its lifetime because of the existence of permanent stem cells [10] . Each Drosophila female has a pair of ovaries, which is composed of 12 to 16 ovarioles. In each ovariole, the germarium, the most apical structure where stem cells are located, is followed by the developing egg chambers that are arranged in a linear fashion with the most mature egg chamber at the most distal end. In the germarium, there are three types of stem cells, namely germline stem cells (GSCs), somatic stem cells (SSCs) and newly identified escort stem cells (ESCs), whose activities have been confirmed by lineage tracing and laser ablation experiments [11] [12] [13] [14] (Figure 1A) . The most apical cells in the germarium are a row of 8 to 10 tightly packed disc-like terminal filament (TF) cells, the most posterior one of which directly contacts 5-7 cap cells ( Figure 1A ). Two groups of stem cells, 2-3 GSCs and 4-6 ESCs, are anchored to cap cells posteriorly, while ESCs also wrap around GSCs with their cellular extensions [12, 14] . GSCs continuously generate differentiated cystoblasts, which further divide four times synchronously with incomplete cytokinesis to form two-, four-, eight-and 16-cell cysts ( Figure 1B) . After the cystoblasts move away from the niche, they are wrapped around by differentiated escort cells produced by ESCs. The cysts become fully encased by the escort cells until they reach the stage of 16 cells, and are then surrounded by somatic epithelial follicle cells to bud off the germarium as individual egg chambers. The follicle cells are produced by 2-3 SSCs located in the midway of the germarium [11] ( Figure 1C ). These stem cells generate several somatic follicle cell lineages, such as polar cells, stalk cells and follicular epithelial cells covering the surface of the growing egg chamber.
Genetic and cell biological studies show that the germarial tip functions as a GSC niche. First, if the two daughters of a GSC following cell division are positioned where GSCs are normally located, both of them adopt the GSC fate [15] . Second, GSCs have to be directly anchored to cap cells through adherens junctions in order to continuously self-renew [16] . Third, TFs and cap cells express several genes that are important for controlling GSC self-renewal [15, [17] [18] [19] [20] [21] [22] . One recent study has implicated ESCs as a part of the GSC niche [12] . Thus, the GSC niche is likely composed of TF/cap cells and ESCs, which are all located next to GSCs. In contrast, the SSC niche is potentially composed of TF/cap cells and IGS cells, which is supported by several pieces of experimental evidence. First, TF/cap cells express Hedgehog (Hh) and Wingless (Wg) that are essential for controlling SSC self-renewal [19, [23] [24] [25] . Second, Gbb produced by IGS cells also regulates SSC self-renewal [26] . Finally, the anchorage to posterior IGS cells through E-cadherin-mediated cell adhesion is necessary to maintain SSCs [27] . However, it remains unclear what makes the ESC niche. Based on its location and the knowledge of the GSC niche and the SSC niche, we speculate that cap cells and GSCs may form a niche for ESCs since removal of germline cells results in loss of all the IGS cells including ESCs and their progeny [15] .
In addition to easily identified stem cells and niches in the Drosophila ovary, the Drosophila system also offers genetic and molecular tools for effectively manipulating functions of genes in both stem cells and niche cells. The FLP-mediated FRT stem cell marking system has been successfully used to generate marked mutant stem cells and www.cell-research.com | Cell Research Dániel Kirilly and Ting Xie 17 npg determine the effect of a mutation in a given gene on the maintenance, proliferation and differentiation of GSC, SSC or ESC [12, 17, 27] . This method has been used to demonstrate roles of different pathways and factors in the control of ovarian stem cell regulation in the Drosophila ovary [7] . Recently, MARCM (mosaic analysis with a repressible cell marker) and PMML (positively marked mosaic lineage), two positive marking systems for gene overexpression, have been used to effectively study SSC regulation [26] . In addition, the GAL4-UAS system can be used to overexpress genes, dominant-negative and RNAi constructs to manipulate gene function in a cell-specific manner. For example, nanos-gal4VP16 can drive gene expression specifically in the germline [28] , while engrailed-gal4 and c587-gal4 are used to drive gene expression in TF/cap cells and IGS cells, respectively [18, 29] . GSC-specific genes have been identified using purified GSCs and microarrays [30] , while genetic suppressor screens help identify new genes that are important for stem cell regulation [31, 32] . It has recently been shown that Drosophila GSCs can be cultured in vitro, together with somatically derived cells, possibly generated by SSCs [33] . In summary, the Drosophila ovary will continue to provide one of the most effective systems for studying stem cell regulation.
Genes and pathways that control GSC self-renewal, proliferation and differentiation
Genetic studies in the past decade have identified a number of genes with critical functions in GSC self-renewal, proliferation and differentiation. As expected, some of these genes encode intrinsic factors, including nuclear factors and translational regulators that function inside the GSC, while the others produce proteins that function to generate signals and regulators of signal production within the niche. Several recent reviews have summarized Drosophila ovary: an active stem cell community 18 npg the progress in understanding functions of these extrinsic and intrinsic factors in regulation of GSC self-renewal, proliferation and differentiation [6] [7] [8] 34] . In this review, we will focus on discussing recent progress in understanding molecular mechanisms governing stem cell regulation in the Drosophila ovary.
Two or three GSCs in the apical tip of the germarium can be reliably identified by their location (direct anchorage to posterior side of the cap cells), size (the biggest cells at the tip of the germarium) and anterior localization of a round spectrosome ( Figure 1B ). Cap cells can be identified by their unique hh-lacZ and nuclear lamin C. Germ cells including GSC express the Vasa protein, while the spectrosome and its counterpart in the mitotic cyst, the branched fusome, are germ cell-specific organelles that are rich in membrane skeletal proteins such as a-Spectrin and Hu li tai shao (Hts) [35, 36] . In the Drosophila embryo and the larval brain, neural stem cell-like neuroblasts divide asymmetrically to generate a self-renewing neuroblast and a small-size differentiating ganglion mother cell by specifically segregating differentiation factors into the differentiating daughter cell [37] . Instead of asymmetrically deposited intracellular factors, the asymmetric division of the GSC is accomplished by differential signaling resulting from an asymmetric organization of the GSC niche. Normally, the GSC is anchored to cap cells by adherens junctions formed between the two cell types [16] . As the GSC divides to generate two daughters with the one remaining in contact with cap cells and the other one lying one cell away from the cap cells, the anterior daughter self-renews as a stem cell and the posterior one differentiates into a cystoblast due to differential signaling from their microenvironments. However, the two daughters can adopt the same cell fate, either stem cell or cystoblast, when they are put in the same environment. The two stem cell daughters become GSCs if they both stay in the niche due to available niche space following loss of one neighboring GSC (referred here as symmetric division) [15] ; both of them can be turned into cystoblast, resulting in loss of the GSC, if they move away from the niche due to loss of adherens junctions [16] . Such junctions between GSCs and cap cells are established during the niche formation. Interestingly, in the Drosophila testis, adherens junctions also function as focal points for regulating spindle orientation of the stem cell division, assuring the asymmetric cell division [38] . It remains uncertain if adherens junctions participate in controlling asymmetric division of stem cells in other systems as well.
Significant progress has been made in the past few years in gaining a better understanding of how the niche controls GSC function by identifying signaling pathways and genes that regulate these pathways (Figure 2A ). The BMP pathway is the best studied one for controlling GSC function, and is both necessary and sufficient for GSC self-renewal and proliferation [17, 18] . Two BMP ligands, Dpp and Gbb, are expressed in TF/cap cells, while Gbb is also expressed in IGS cells and follicle cells [18] . The BMP signal produced by the somatic cells directly act on GSCs to control their self-renewal and division [17] . It functions as a short-range signal, which is evidenced by the activation of a BMP response gene, Daughters against dpp (Dad), primarily in the GSC [18, [39] [40] [41] , and controls GSC self-renewal by directly repressing the expression of differentiation-promoting genes such as bag of marbles (bam) [18, 40] . BMP signaling also has important roles in controlling the division of primordial germ cells (PGCs) in the developing female gonad and the recruitment of GSCs to their niche [42] . In addition to its role in preventing GSC from differentiation, BMP signaling appears to be capable of reverting differentiated mitotic germ cell clusters into GSCs [43] .
Several major questions surrounding the role of the BMP pathway in GSC regulation remain unaddressed: how the short-range effect is controlled, how bam expression is repressed and whether or not there are other repressed target genes. In the Drosophila testis, the BMP signal produced by niche cells also functions as a short-range signal to control GSC self-renewal by repressing bam expression [44, 45] . Intriguingly, BMP promotes self-renewal of mouse ES cells, but induces differentiation of skin and intestinal stem cells in mice [46] [47] [48] [49] [50] . Further studies on GSCs in the Drosophila may help provide insight into how BMP signaling has different functions in different stem cell systems.
Two other potential pathways have also been identified by studying two genes, fs(1)Yb (Yb) and piwi, that are required in somatic cells such as TFs and cap cells. Yb encodes a novel protein [20] , while piwi encodes a highly conserved protein involved in regulation of microRNA (miRNA) production [21, 22, [51] [52] [53] [54] . Yb exerts its effect on GSC function by regulating expression of piwi and hh in TFs and cap cells [19] . While the piwi-mediated pathway is absolutely essential for GSC self-renewal, Hh signaling plays a non-essential role in controlling GSC self-renewal by having redundant function with the piwi-mediated pathway [19] . Two recent studies have shed some light on the piwi-mediated pathway [29, 55] . When piwi function is specifically removed from the niche, bam expression is also derepressed in the GSCs like in dpp and gbb mutant GSCs, indicating that piwi also controls bam repression in GSCs. Since piwi functions in the niche cells, it could regulate BMP production, secretion or activation, or it could control the production of a new signal that is also essential for controlling GSC self-renewal and bam repression independently of the BMP pathway. In the future, it www.cell-research.com | Cell Research Dániel Kirilly and Ting Xie 19 npg is important to define the piwi-mediated pathway in the GSC niche in order to gain a better understanding of how the niche controls GSC self-renewal, proliferation and differentiation.
As expected, stem cell activities should also be regulated by the nutritional or health status of the whole organism. In mice, an unknown factor or factors from the young systemic environment can rejuvenate aged muscles and hepatic stem/precursor cells through upregulating the Notch signaling pathway [56] . Two recent exciting studies in the Drosophila ovary have identified insulin as a systemic factor for controlling GSC proliferation [57, 58] . The GSCs defective in insulin signaling divide much slower than wild-type ones. Interestingly, Insulin is not produced by the cells in the germarium but by fat cells in the brain. Insulin is a well-known signal for regulating sugar metabolism and is modulated by nutritional conditions. However, it is not desirable that nutritional conditions affect stem cell self-renewing ability and thus stem cell number. Indeed, the insulin signaling pathway only affects stem cell division but not self-renewal in the Drosophila ovary. It will be interesting to see if insulin signaling also regulates stem cell division in mammalian systems.
Two classes of intrinsic factors have been identified for their opposite effects on GSC self-renewal and differentiation: self-renewal-promoting and differentiation-promoting factors. In addition to BMP downstream components such as receptors and Smads that are required for transducing BMP signal for maintaining self-renewal, several families of proteins have been identified to be required to maintain GSCs. Pumillio (Pum) and Nanos (Nos), two translational repressors, are required for maintaining GSCs in the adult ovary as well as for preventing precocious differentiation of PGCs in the developing female gonad likely by repressing the translation of mRNAs encoding differentiation factors [59] [60] [61] [62] . Mutations in both pum and nos cause precocious differentiation of PGCs as well as GSC loss in adulthood [59, 61] . In addition, a germ cell-specific translation ini- , which control GSC self-renewal and/or division in a non-cell-autonomous fashion, while the insulin pathway controls GSC division. Also, gap junctions formed by Zpg and adherens junctions formed by E-cadherin encoded by shg controls GSC maintenance and anchorage, respectively. The translational regulators (Pum, Nos and Pelo), the cell cycle regulator CycB, the chromatin remodeling factor Iswi are required intrinsically in the GSC to control its self-renewal, while the GSC-expressed Piwi and miRNA pathway components (Dcr-1 and Loqs) are required intrinsically for controlling GSC division. In the cystoblast (CB), Bgcn, Bam, Sxl and Otu control CB differentiation. (B) Wg and Hh produced by TF/cap cells and Gbb produced by inner germarial sheath (IGS) cells control SSC maintenance, while the Jak-Stat pathway controls ESC maintenance. E-cadherin-mediated cell adhesion is required for anchoring SSCs, while the chromatin remodeling factor, Dom, is required for controlling SSC maintenance. Drosophila ovary: an active stem cell community 20 npg tiation factor encoded by vasa (vas) is required for the growth and survival of GSCs [63] . One recent study has also identified a translation release factor-like protein Pelota (Pelo) for its essential role in controlling GSC self-renewal and proliferation [32] . A mutation in pelo causes complete GSC loss within the first week after eclosion and also slows down GSC division. Therefore, translation regulation plays important roles in maintaining GSC self-renewal. In the future, the identification of target mRNAs for Pum, Nos, Vasa and Pelo will further help understand how GSC selfrenewal is controlled.
Three studies have implicated the miRNA pathway in controlling GSC self-renewal and division. The processing and maturation of 19-21 nucleotide miRNAs depends on two dsRNA-binding proteins, Dicer-1 (Dcr-1) and Loquacious (Loqs, also known as R3D1), which are associated with each other [64, 65] , while Piwi is known to be involved in generating 29-31 nucleotide repeat-associated small interfering RNAs (rasiRNAs) for silencing retrotransposons and repeated sequences [66] . The piwi mutant GSCs divide much slower than wild-type but have normal self-renewal capacity, indicating that the rasiRNA pathway is required to control GSC division [21] . The marked mutant GSCs for dcr-1 have no obvious defects in self-renewal capacity but exhibit dramatic reduction in their division rate due to the delay in the G1-to-S transition [67] . In those mutant GSCs, decapo, encoding a p21-like CDK inhibitor, is upregulated due to the reduced repression of its expression caused by defective miRNA production. Intriguingly, a hypomorphic mutation in loqs causes premature GSC loss and female sterility [64, 65, 68] . It remains unclear if loqs functions inside the GSC to control its self-renewal. If so, it is puzzling that two interacting protein partners that are essential for miRNA processing have distinct functions in controlling GSC function. One of the possible explanations is that dcr-1 mutations used in the study are not null alleles and retain enough function for controlling GSC self-renewal but not enough for GSC division. Alternatively, loqs functions in the niche for controlling self-renewal and in the GSC for its division similar to piwi. It is important to distinguish between these two different possibilities and identify responsible miRNAs produced by the niche and GSCs.
Junctional proteins are also important for GSC anchorage in the niche and communication between the niche and GSC. E-cadherin accumulates at the anterior side of the GSC, forming adherens junction with cap cells and maintaining GSC in the niche [16] . Such anchorage is essential for long-term GSC self-renewal since mutations in armadillo and shotgun, encoding a-catenin and Ecadherin, the two key components of adherens junctions, respectively, cause rapid GSC loss. Interestingly, cadherin also accumulates between blood stem cells and their niche, suggesting that cadherin-mediated cell adhesion may be a general mechanism for anchoring stem cells in their niche [3] . Gap junctions are also formed between GSCs and cap cells as well as between differentiated germ cells and IGS cells. The mutant GSCs for zero population growth (zpg), encoding the gap junction protein innexin-4, are lost, and their progeny cannot differentiate normally, probably due to their inability to transport necessary signals from their surrounding somatic cells.
Two recent studies have identified a cell cycle regulator, Cyclin B (CycB), and a chromatin remodeling factor, Imitation switch (ISWI), as essential regulators for GSC self-renewal and proliferation [69, 70] . Although CycB is generally expressed in the G2 phase of all dividing cells, cycB mutant PGCs divide slowly in the developing female gonad, and mutant GSCs fail to be maintained in the adult ovary [69] . It remains unclear at present time how this general cell cycle regulator specifically affects PGC/GSC self-renewal and proliferation. ATP-dependent chromatin remodeling factors, such as ISWI, change the conformation of chromatin, making the DNA accessible to transcription factors for gene activation or repression [71, 72] . The mutant GSCs for iswi are defective in responding to the BMP signal and repressing bam expression and are lost rapidly [70] . Recently, chromatin remodeling factors have been shown to regulate the expression of differentiation promoting genes in human and mouse ES cells [73, 74] . Future studies on Drosophila ovarian GSCs will provide more insight into how chromatin remodeling factors control stem cell self-renewal in general.
Several differentiation-promoting factors have been identified for their essential roles in promoting cystoblast differentiation as mutations in the genes encoding these factors cause accumulation of GSC-like or cystoblast-like single germ cells (Figure 2A ). Among them, bam and benign germ cell neoplasm (bgcn) are the best studied [75] [76] [77] [78] . bam and bgcn encode a novel protein and a putative RNA-binding protein, respectively, but their biochemical functions remain elusive. Forced expression of bam but not bgcn in GSCs causes their premature differentiation, whereas bam and bgcn mutations cause similar GSC/cystoblast-like tumor phenotypes and genetically interact with each other. One of the bam functions in differentiated cystoblasts is to downregulate BMP signaling through regulating a redundant pathway with the ubiquitin ligase Smurf, which targets phosphorylated Mad (a BMP-specific SMAD) for degradation [41] . In addition, mutations in sex lethal (sxl) and ovarian tumor (otu) also cause accumulation of spectrosome-containing single germ cells (either GSC-like or cystoblast-like) and early developing cysts, suggesting that they regulate, but are not absolutely required for, cystoblast differentiation and early cyst division. Sxl is a RNA-bindwww.cell-research.com | Cell Research Dániel Kirilly and Ting Xie 21 npg ing protein, which is known to be involved in regulating mRNA splicing and translational regulation, while Otu is also a putative RNA-binding protein, but its function at the level of mRNA stability, splicing or translation is not clear. Also, it remains unclear if they are sufficient to cause GSC differentiation like bam when they are forced to be expressed in GSCs.
As self-renewal and differentiation are two opposite traits of the stem cell and are precisely balanced in a normal tissue, it would be expected that the factors controlling stem cell self-renewal and the factors controlling stem cell differentiation must counteract with each other to achieve the balance. Indeed, BMP signaling and Piwi-mediated signaling from the niche are required for repressing bam expression in GSCs since defects in BMP signaling and in Piwi-mediated signaling cause bam upregulation in GSCs. Removal of bam function can completely suppress GSC loss phenotype caused by defective BMP or Piwi pathway. Furthermore, the GSC loss phenotype caused by forced bam expression can be partially suppressed by elevated BMP expression [41, 43] . However, in pum and pelo mutant GSCs, bam expression is not upregulated, indicating that Pum and Pelo normally repress the (same or different) Bam-independent pathways [29, 32, 55] . Consistently, bam:pum and bam:pelo double mutant germ cells can differentiate into germ cell cysts, while bam single mutant germ cells fail to differentiate beyond the developmental stage of cystoblast. In order to gain more insight into how self-renewing factors and differentiation-promoting factors interact with each other to control the balance between selfrenewal and differentiation, it is important to learn more about biochemical functions of these factors in GSCs.
Genes and signaling pathways controlling SSC maintenance and proliferation
SSCs and GSCs are the two stem cell types that work in a coordinated fashion to efficiently produce egg chambers. As expected, these two stem cell types share some molecular mechanisms controlling self-renewal and proliferation. First, like the GSC, the SSC divides to generate a self-renewing SSC that remains in the niche and a differentiating daughter moving away from the niche for further proliferation and differentiation. Second, like the GSC, the SSC is also anchored to niche cells, the posterior IGS cells, through E-cadherin-mediated cell adhesion [27] ( Figure 2B ). The SSCs lacking E-cadherin are quickly lost from their niche due to the loss of the contact with the posterior IGS cells. Third, like the GSC, the SSC also requires BMP signaling for its self-renewal and proliferation [26] . The adjacent IGS cells express Gbb/BMP5-8, and major BMP signal transducers are required in SSCs to control their self-renewal and proliferation. Hyperactive signaling prolongs the lifespan of the SSC. Fourth, like the GSC, the SSC also requires the insulin pathway for controlling SSC proliferation [79] . Finally, like the GSC that requires ISWI for its self-renewal, the SSC requires Domino (Dom), an ATP-dependent chromatin remodeling factor, for its selfrenewal [70] . Dom and ISWI belong to the same SWI/SNF family of ATP-dependent chromatin remodeling factors [80] . The mutant SSCs for dom are lost rapidly due to precocious differentiation but not apoptosis [70] .
Despite these similarities in mechanisms shared by GSCs and SSCs, there are significant differences between these two cell types. First, the organization of the SSC niche is quite different from that of the GSC niche. The GSC niche is composed of their neighboring cells such as TF/cap cells and ESCs, while the SSC niche includes not only neighboring posterior IGS cells but also TFs/cap cells that are located over a few cells away. Second, Hh signaling is essential for self-renewal and proliferation of the SSC, while it plays a non-essential role in maintaining the GSC. Hh, which is produced by TFs/cap cells, functions as a long-range morphogen to control SSC self-renewal and proliferation since the SSCs defective in Hh signaling are lost rapidly and hyperactive Hh signaling increases SSC number [23, 24] . Third, Wg signaling is essential for SSCs, but is dispensable for GSC self-renewal [25] . Wg is also produced by TFs/cap cells and functions as a long-range signal to directly act on the SSC to control its self-renewal.
Interestingly, in the germarium where all germline cells are removed, SSCs move adjacent to TFs/cap cells following the loss of IGS cells, and continue to proliferate due to the presence of Hh, Wg and BMP in TFs/cap cells [11, 15, 39] . Although Hh, Wg and BMP pathways are required in the SSC for controlling its self-renewal, little is known regarding how these pathways are integrated in the SSC to regulate expression of target genes that are important for SSC self-renewal and proliferation. Although dom is expressed ubiquitously in the germarium, it is only required in the SSC for its self-renewal [70] , and it remains unclear whether it also helps regulating the expression of target genes of the three signaling pathways.
Genes and pathways controlling the maintenance of ESCs and IGS cells
GSCs and SSCs have been known to be responsible for producing differentiated germ cells and follicle cells, but it remained unknown how IGS cells are maintained until very recently [12] . Decotto and Spradling (2005) showed that the most anterior IGS cells, which directly contact cap cells and also surround GSCs with their cellular processes, Cell Research | www.cell-research.com Drosophila ovary: an active stem cell community 22 npg are also capable of dividing and generating differentiated IGS cells. This group of IGS cells, ranging from four to six cells, is now known as ESCs, and their progeny are renamed as escort cells. It has been proposed that these ESCs divide synchronously with GSCs to generate differentiated escort cells that tightly wrap early germline cells and move posteriorly with the germ cells. This cellular behavior is analogous to cyst progenitor cells in the Drosophila testis, where these cells encompass the developing spermatogonia throughout development [81] . Once germline cysts pass through region 2a of the germarium, they lose their connections to escort cells and become surrounded by the follicle cells [12] . The ESC mutation for dstat, a transcriptional activator downstream of the JAK-STAT pathway, causes the degeneration of the germarium probably due to loss of escort cells, while overexpression of upd, the JAK-STAT ligand, dramatically expands the escort cell population, indicating that JAK-STAT signaling is essential for ESC maintenance and proliferation [12] (Figure 2B ). In the germaria in which escort cells are mutant for dstat, GSCs are also lost rapidly, indicating that ESCs are the part of the GSC niche. In the germarium, there are 40-50 IGS cells [15] that include the estimated 18 escort cells [12] . It remains to be determined if another group of IGS stem cells are designated to generate rest of the IGS cells in the germarium.
In addition to escort cells that wrap around germ cell cysts, the rest of the IGS cells also extend their cellular processes to intimately interact with their underlying germline cysts [82] . Such interactions appear to be essential for normal differentiation of germline cysts since the IGS cells lacking cellular extensions due to a mutation in stem cell tumor (stet), which encodes a rhomboid-like membrane protease that activates EGF ligands in the signaling cell, fail to support differentiation of germline cysts [82] . In stet mutant germaria, undifferentiated germ cells accumulate. In the future, it is important to demonstrate if EGFR signaling is required for producing or maintaining the cellular processes of the escort cells and IGS cells, and identify the signal from the escort/IGS cells that control germ cell differentiation.
Conclusions
The discovery of the GSC and SSC niches, the identification of GSC and SSC niche signals, and the revelation of the mechanisms of how these signals maintain stem cells in the Drosophila ovary help to provide guidance for studying mammalian stem cells. Studies on three stem cells in the Drosophila ovary have produced several general principles for stem cell biology:
1) The stem cell niche exhibits structural asymmetry, which ensures that one of the two daughters stays in the niche and self-renews, while the other daughter leaves the niche and differentiates. This niche property appears to be universal since all the defined niches in other systems share the same asymmetric feature [83] . Different stem cell types in the same tissue could share the same niche component. For example, GSCs and SSCs share TFs/cap cells as their common niche components.
2) The stem cell is anchored to its niche through cadherin-mediated cell adhesion to ensure long-term self-renewal. Both GSCs and SSCs require E-cadherin-mediated cell adhesion for keeping them in their niches [16, 27] . N-cadherin has been shown to accumulate between blood stem cells and their niche [3] .
3) Multiple signals from the niche are required for controlling stem cell self-renewal, and different stem cell types require different combination of niche signals. BMP, Hh and Piwi-mediated signaling pathways control GSC self-renewal and proliferation, while BMP, Hh and Wg pathways are required for SSC self-renewal and proliferation [7] .
4) Different classes of intrinsic factors, translational regulators, chromatin remodeling factors, cell cycle regulators and miRNAs, are required for controlling GSC or SSC self-renewal. 5) Self-renewing intrinsic factors and signaling cascades mediated by niche signals control stem cell self-renewal by repressing the expression of differentiation-promoting genes. For example, BMP-and Piwi-mediated signaling and the chromatin remodeling factor ISWI repress the expression of a differentiation-promoting gene bam in GSCs and thus keep them in an undifferentiated state.
6) The niche can also help to reverse differentiated cells back into stem cells. BMP signaling can reverse differentiated germ cell cysts back into functional GSCs [43] . These generalizations derived from the study of Drosophila ovarian stem cells await further verification from other stem cell systems, particularly mammalian stem cells.
Although much progress has been made in studying Drosophila ovarian stem cells, such as defining stem cell niches, identifying intrinsic factors and niche signals in the control of stem cell self-renewal and differentiationpromoting factors, many important questions still remain to be answered. These questions include: how are different niches built in the Drosophila ovary? How do shared niche components contribute to functions of different niches and coordination of these stem cell activities? What are additional intrinsic factors for stem cell self-renewal and differentiation and extrinsic factors from the niche, particularly for SSCs and ESCs? How do multiple pathways interact with one another to control self-renewal? How do intrinsic factors interact with extrinsic signals to control stem cell self-renewal, proliferation and differentiation?
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